We will review the main channels of gamma ray emission due to the acceleration and propagation of cosmic rays, discussing the cases of both galactic and extra-galactic cosmic rays and their connection with gamma rays observations.
Introduction
After more than 100 years from the discovery of Cosmic Rays (CR) the physics of this fascinating phenomenon was extensively studied, for a recent review see [1, 2] and references therein. In the energy range that spans from few GeV/n up to 10 3 TeV/n a self-consistent scenario of the production and propagation of CR was developed in the last 30 years: the so-called standard model of galactic CR. This theoretical framework is based on two main pillars: (i) CR acceleration takes place in Super Nova Remnants (SNR) and (ii) CR propagation is diffusive in the Interstellar Medium (ISM).
The idea that SNR are the sites of CR acceleration dates back to '30s [5] and it has a twofold justification. From one side, SNRs are natural places in which strong shocks develop and such shocks can accelerate particles almost at the observed energies [3, 4] . On the other side, SNRs can easily account for the required energetics [5] . Nowadays, as a general remark, we can state that there is no doubt that galactic CR are accelerated in SNR, the open questions are which kind of SNR and which phase of the SNR evolution really do accelerates particles [1] .
At the highest energies in the regime of Ultra High Energy Cosmic Rays (UHECR), with energies E > 10 17 eV, the theoretical framework aiming at the explanation of the observations is less refined respect to the lowest energies case. These particles are certainly of extragalactic origin [6] and their propagation features trough astrophysical backgrounds seems well understood [7] . Nevertheless, their possible sources and production mechanisms are still enshrouded in mystery.
In the present paper we will discuss the observation of secondary γ-rays produced by the interaction of CR with the surrounding medium. We will consider the case of galactic CRs, focusing on the observations from SNRs and Molecular Clouds (MCs), and the case of extragalactic CR, focusing on the observations of the diffuse extragalactic γ-ray background and the γ-ray emissions from distant Blazars. We will show how these observations might unveil many unsolved problems in the physics of CR.
The observation of secondary emissions produced by CR while being accelerated in SNR is certainly one of the most powerful tools we can use to understand the physics of galactic CR acceleration. The observation of radio emissions by relativistic electrons, emitting through the synchrotron mechanism, started already in '50s, provides a first hint of the possible presence of amplified magnetic fields and accelerated particles in the SNR environment. However, the presence of relativistic nuclei, the actual smoking gun of CR acceleration, can be unambiguously proved only through the observation of γ-rays produced by the decay of neutral pions, product of the nuclear collisions between CR particles and the background plasma though the process pp → π 0 → γγ. This mechanism of γ-rays emission is called hadronic. Another mechanism, working in the same energy band GeV − TeV , that could be responsible for γ-rays emission in SNR is based on the Inverse Compton (IC) scattering of relativistic electrons on some photon background, this mechanism is called leptonic. Of course, if the latter mechanism is the ultimate responsible for the observed γ-rays emission it would not imply any confirmation or disproval of the SNR paradigm in the acceleration of CR.
A very important step forward in this field of research was achieved in the recent years with an impressive amount of experimental data at TeV energies, by Cherenkov telescopes (HESS, MAGIC, VERITAS), and at GeV energies, by the Fermi-LAT and AGILE satellites. These exper-imental data are extremely useful to understand the origin (leptonic vs hadronic) of the observed γ-rays. The most important difference between the two alternative scenarios is related to the slope of the photons spectrum: the hadronic production gives the same slope of the ions distribution, while IC gives rise to a significantly flatter spectrum. In the regime in which synchrotron losses are negligible, ions and electrons spectra have the same behaviour (∝ E −γ ). The expected photon spectrum in the case of hadronic production is ∝ E −γ while in the case of leptonic production will be ∝ E −(γ+1)/2 .
The emission of γ-rays from SNRs are connected not only with the actual acceleration region inside the remnant but can also dependent on the local environment surrounding the SNR. There are observations of γ-rays emissions from MC that, placed nearby a SNR, act as target for hadronic interactions giving rise to the pion production process [8, 9] . A SNR close to a MC represent a very interesting astrophysical system that can be studied in γ-rays not only as a diagnostic of CR acceleration but also as a laboratory to test CR escape from the source. The latter phenomenon being the actual CR injection in the ISM, therefore of paramount importance in the study of CR propagation [10] .
Together with the emission from MC nearby a SNR, there are interesting systems in which isolated MC were observed as γ-rays emitters. This case is of particular importance in the study of the diffusive propagation of CR, offering the unique possibility of determining the CR spectrum unaffected by local effects such as the solar modulation. An interesting instance of these systems is represented by the γ-ray emission, already detected by by COS-B [11] , EGRET [12] and more recently by Fermi [13] , from the Gould Belt clouds, the nearest Giant Molecular Cloud (GMC).
Gamma rays observations have an important impact also in the study of extragalactic cosmic rays, namely UHECR. These particles, with energies E > 10 17 eV, that represent the highest energetic particles in the universe, depending on their chemical composition, interacting with astrophysical backgrounds, such as the Cosmic Microwave Background (CMB) and the Extragalactic Background Light (EBL), give rise to the process of pair production (pγ → e ± ) and photo-pion production (pγ → π 0,± ) that, in turn, produce electromagnetic cascades with the emission of a diffuse extragalactic γ radiation in the energy band 10 −2 ÷ 10 2 GeV. Therefore, the data on the diffuse extragalactic γ background can be extremely useful to constrain source models of UHECR [14, 15, 16] . The observation of γ-rays from distant blazars is another important tool that could unveil the origin of UHECR. As was shown first in [17] and more recently in [18] , the observed high-energy γ-ray signal may be dominated by secondary gamma rays produced along the line of sight by the interaction of UHECR with background photons. This possibility would explain the surprisingly low attenuation of γ-rays observed by distant blazars, because the production of secondary γ-rays occurs, on average, much closer to earth than the blazar distance. It is important to emphasise the central role that UHECR chemical composition plays in the emission of secondary γ-rays. In the case of heavy nuclei γ emission is strongly suppressed because the process of photo-pion production becomes subdominant respect to the process of photo-disintegration. In this particular case it is expected a substantial suppression of the emission in γ-rays by UHECR.
The paper is organised as follows. In section 2 we will discuss the γ-ray emissions from SNR. In section 3 we will discuss γ-ray observations from isolated MC and its consequences on the models of galactic CR propagation. In section 4 we will discuss γ-rays observation from distant blazars and the diffuse extragalactic γ-ray background. We will draw our conclusions in section 5.
Gamma Rays from Super Nova Remnant
The success of the SNR paradigm for the acceleration of galactic CR relies on the first order Fermi mechanism that, using the test particle approximation, leads to a power law spectrum of the accelerated particles N(E) ∝ E −γ with γ = (r + 2)/(r − 1) being r the shock compression ratio, namely the ratio between the velocity of the hotter shocked plasma and the velocity of the cold unperturbed one. In the case of a monoatomic gas with adiabatic index η = 5/3, being r = (η + 1)/(η − 1) for strong shocks 1 , one gets the very general result N(E) ∝ E −2 [4] . This result, of the so-called Diffusive Shock Acceleration (DSA), attains to the case of test particle approximation, nevertheless taking into account the DSA efficiency it is easy to see that the acceleration process channels a large fraction of the fluid ram pressure into CR. In this case CR particles cannot be considered as test-particles and their back-reaction on the shock has to be included in the theory, leading to the non linear theory of DSA (NLDSA) [1] .
The most important consequence of non-linear effects in DSA is the formation of a shock precursor that slows down and compresses the upstream fluid. This fact produces a weaken of the proper shock and accelerated particles, diffusing in this modified fluid profile, experience different compression ratios depending on their energy. The resulting CR spectrum will no longer be a simple power law. Predictions of NLDSA, with CR back reaction on the shock, show a concave CR spectrum with a behaviour steeper than E −2 at low energy and flatter at the highest energies.
The hadronic emission of γ-rays, as discussed in the introduction, traces the CR spectrum in a unique way. Therefore, the observation of concave γ-ray emission from a SNR would represent the smoking gun for very efficient CR acceleration. Unfortunately the available γ-ray observations do not show any concavity in the spectra with spectral behaviours which are always steeper than E −2 (at GeV energies and above) [24] . This result seems at odds with the NLDSA expectations. Nevertheless, non-linear effects of CR are not limited to the shock hydrodynamics also involving the local magnetic field, which results amplified by the super-Alfvenic streaming of CR. In a coherent NLDSA picture CRs generate the magnetic field turbulence responsible for their own diffusion, this phenomenon has a central role in NLDSA and eventually allows particles to reach the observed energies (i.e. the knee energy around 10 15 eV). The effect of magnetic field amplification is not only restricted to the maximum achievable energy, but it modifies also the compression factor r because it implies fast moving scattering centres, with a velocity corresponding to a sizeable fraction of the shock speed [1] . In this way the compression factor, depending on the helicity of the waves upstream, can be decreased resulting in steeper spectra of the accelerated particles [1, 19, 20] .
The best opportunity to test theoretical models on the origin of galactic CR in SNRs is by considering the multifrequency emissions observed by these objects. Following the approach of [1] we will not list all SNR observed in γ-rays but we will discuss one specific case of SNR, that is sufficiently isolated to be considered as an individual source, discussing its γ-rays emission showing the type of information one can gather comparing theory and observations.
The clearer case is that of the Tycho SNR, the leftover of a SN type Ia exploded in the homogeneous ISM as shown by the regular (spherical) structure of the remnant. Tycho shows a multifrequency spectrum that extends from the radio band up to γ-rays, with a thin X-ray rim observed all around the remnant with a spherical morphology. by integrating the emission along the azimuthal angle, between 0 and 2π. The thin solid line shows the projected emission computed using Eq. (16), while the thick line is the emission after the convolution with the instrumental point spread function, which is equal to 15 arcsec. Fig. 7 shows indeed a good overall agreement between the data and our prediction, even if some little discrepancies can be noticed. The most evident one is that in the innermost region (r/Rsh < ∼ 0.3), the theoretical prediction overestimates the observed brightness by about 20 per cent. A plausible explanation of this difference may reside in a slight deviation from the spherical symmetry, which is somehow expected just because the northeastern region is brighter than the rest of the remnant.
Another subtle but interesting difference is that the emission peaks slightly more inwards than in our model; as a consequence, also the emission detected in the region 0.6 < ∼ r/Rsh < ∼ 0.8 is found to be a bit larger than the theoretical prediction. This difference might have different explanations. The most obvious, and already mentioned, is the possible deviation from the spherical symmetry. Another possibility is given by placing the CD in a different position: if one assumed the CD to be located closer to the center (i.e. if one took the CD/FS ratio to be a few per cent smaller), the theoretical prediction would nicely fit the data. However, we can not forget that this explanation would be at odds with the findings of Warren et al. (2005), who estimated the position of the CD to be more towards the forward shock, namely around 0.93Rsh.
A final comment on the radio profile concerns the effects of the non-linear Landau damping in the determination of the magnetic field relevant for the synchrotron emission. If we neglected the damping, the magnetic field strength in the downstream (dotted line in Fig. 5 ) would lead to a total radio flux larger by a factor 50 per cent or more with respect to the data, even if the radial radio profile would retain a rather similar shape.
X-ray emission
As it is clear from Fig. 6 , the synchrotron emission spans from the radio to the X-ray band, where it sums up with the emission due to thermal bremsstrahlung.
The best-fitting to the X-ray continuum observed by Suzaku data is illustrated in greater detail in Fig. 8 , where the dashed line indicates the synchrotron emission alone and the solid line corresponds to the sum of synchrotron plus thermal bremsstrahlung.
The electron temperature in the downstream, calculated taking into account only the heating due to Coulomb collisions with protons ( Fig. 3) , results in a bremsstrahlung emission peaked around 1.2 keV which, at its maximum, contributes for about the 6 per cent of the total X-ray continuum emission only, in agreement with the findings of Cassam-Chenaï et al. (2007) .
In the same energy range there is however a non-negligible contribution from several emission lines, which becomes more and more important moving inwards from the FS, where the Xray emission is mainly non-thermal (Warren et al. tailed model of the line forest is, however, beyond the main goal of this paper.
The projected X-ray emission profile, computed at 1 keV, is shown in Fig. 9 , where it is compared with the Chandra data in the region that Cassam-Chenaï et al. (2007) call region W. The solid curve represents the resulting radial profile, already convoluted with the Chandra PSF of about 0.5 arcsec, and shows a remarkable agreement with the data. As widely stated above, the sharp decrease of the emission behind the FS is due to the rapid synchrotron losses of the electrons in a magnetic field as large as ∼ 300µG. In Fig. 9 we also plot the radial radio profile computed without magnetic damping (dashed line); since the typical damping length-scale is ∼ 3 pc, it is clear that the non-linear Landau damping can not contribute to the determination of the filament thickness.
It is worth stressing that the actual amplitude of the magnetic field we adopt is not determined to fit the X-ray rim profile, but it is rather a secondary output, due to our modelling of the streaming instability, of our tuning the injection efficiency and the ISM density in order to sion (see the discussion in § whether the corresponding p (which, in shape, is also ind count for the thickness of the as well.
Radio to X-ray fitting as amplification
Another very interesting prop that a simultaneous fit of both a downstream magnetic field deduced by the rims' thickne In fact, assuming Bohm d frequency observed in the X dent of the magnetic field s shock velocity only.
On the other hand, if the make synchrotron losses dom the total X-ray flux in the c electron density, in turn fixi of the magnetic field strength slope of the electron spectrum namely below E roll 200 G slope has in fact to be 3.2 up the acceleration time equal to
In Fig. 10 we plot the syn stream, assuming a given m glecting all the effects induce sion. The three curves corre 100, 200 and 300µG, while t sen by fitting the X-ray cut-o curves. As it is clear from the the magnetic field at the sho most optimistic hypothesis o nism acting in the downstrea As a matter of fact, synch an evidence of ongoing mag dently of any other evidence The observations of X-ray thin filaments, that is produced by synchrotron radiation of relativistic electrons at the shock, emitting radiation as ν(MHz) = 3.7B(µG)E 2 (GeV ), confirms the presence of an amplified magnetic field of the order of 300µG. The spectrum of γ-rays observed by Fermi-LAT in the GeV region [21] and the spectrum of γ-rays observed by VERITAS in the TeV region [22] show a quite steep spectrum with a power law index at GeV energies of around α = 2.3 [21] and around α = 2.0 at TeV energies [22] .
The two different sets of observations, in X-rays and γ-rays, can be accommodated fairly well in the framework of NLDSA. As shown in [19] , the steep hadronic spectrum comes from fast moving turbulent waves, CR scattering centres induced by the super-Alfvenic streaming of CRs themselves, with an Alfven velocity fixed by the amplified magnetic field. Therefore the γ-rays spectrum observed, with a clear hadronic origin, is directly linked to the strength of the amplified magnetic field, which, in turn, is the same quantity relevant to determine the observed Xray morphology. Interestingly enough, still in the framework of a hadronic origin of the emission, the steep γ-ray spectra observed from Tycho can be explained also invoking environmental effects [25] .
The multifrequency emission of Tycho is shown in the left panel of figure 1 and the X-ray brightness of its rims in right panel (both figures are taken from [19] ). The dash-dotted line in left panel shows the thermal emission from the gas downstream of the shock, assuming that the temperatures of electrons and protons in the plasma just behind the shock are related by T e = (m e /m p )T p [19] . The short-dashed line in left panel represents the IC (leptonic) contribution to γ-rays emission and the dashed line the contribution of pion decay (hadronic) [19] . The solid line represents the total flux. It is rather impressive how the magnetic field required to explain the radio and X-ray emissions as synchrotron radiation also gives a compelling description of the thickness of the X-ray rims. Assuming a Bohm diffusion regime at the shock, these results imply a maximum acceleration energy at the level of E max 500 TeV and a compression ration at the shock that, according to [19] , can account for the steep γ-ray spectra observed. Solid lines denote the best-fit pion-decay gamma-ray spectra, dashed lines denote the best-fit bremsstrahlung spectra, and dash-dotted lines denote the best-fit bremsstrahlung spectra when including an ad hoc low-energy break at 300 MeV c −1 in the electron spectrum. These fits were done to the Fermi LAT data alone (not taking the TeV data points into account). Magenta stars denote measurements from the AGILE satellite for these two SNRs, taken from (31) and (19) , respectively. Figure 9 . Spectrum of protons in the ISM (thick red line) compared with the spectrum of CRs as inferred from gamma ray observations of clouds in Ref. [31] (shaded area).
well make the spectra harder rather than steeper, depending on wave helicity in the shock region.
If the di↵usion coe cient is self-generated, as discussed in the present paper, the steep di↵usion coe cient at & 200 GV is due to CRs themselves, and a relatively flat injection spectrum is required Q(E) / E with = 2.1 2.2, that can in principle be accounted for with a mild e↵ect of scattering centers. At energies higher than a few hundred GeV/n, the spectra of individual elements harden so as to make their slope ⇠ + 1/3 if the cascade of waves occurs within the framework of a Kolmogorov cascade. It is quite possible that this scenario may also solve the puzzle of low anisotropy observed at & T eV energies, although in order to address this issue one has to take into account the discrete nature of sources [23, 24, 25] .
The case of clouds in the Gould's belt
Two recent papers [31, 32] have stimulated much discussion since they indirectly confirmed that the spectrum of CRs with energy 10 . E . 200 GeV may be steeper than previously thought, and with a slope compatible with the one quoted by PAMELA in the same energy region. The two papers are based on the analysis of the gamma ray emission detected by the Fermi-LAT from selected clouds in the Gould's belt, located appreciably above and below the Galactic disc. The density in the clouds is large enough that the main contribution to the gamma ray emission comes from the generation and decay of neutral pions in inelastic hadronic collisions of CRs with gas in the clouds. The authors of [31] find that the slope of the CR spectrum averaged over all the clouds in the sample is ⇠ 1.9 below ⇠ 10 GeV and ⇠ 2.9 at CR energies 10 . E . 200 GeV. The limited Fermi-LAT statistics at high energies does not allow the authors to probe the energy region where, according to PAMELA, there should be an additional spectral break.
The low energy behavior of the spectrum inferred by [31] has stimulated much debate since the authors suggest that the e↵ects of solar modulation might be larger than usually thought. This suggestion is mainly motivated by the rather large discrepancy between the CR spectrum inferred from the gamma ray fluxes from clouds and the PAMELA flux of -17 - [27] compared with the spectrum of CR (yellow shadowed region) as inferred from γ ray observations of clouds as discussed in [28] .
Let us conclude this section stating how the case of Tycho can be regarded as a workbench in which we can test the credibility of NLDSA models. In the near future the new generation γ rays telescopes, most notably the Cherenkov Telescope Array (CTA), will allow the discovery of a considerable number of new galactic SNRs that are in the process of accelerating CR. The increased angular resolution of those telescopes will enable the measure of γ rays from different regions inside the same remnant so to achieve a better discrimination of the link between the acceleration process and environmental effects.
Gamma Rays from Molecular Clouds
Recently two different collaborations Agile and Fermi-LAT [8, 9] claimed the detection of the most sought-after feature of the γ-rays spectrum: the so-called pion bump. A feature that directly links γ rays production with CR propagation through the process pp → π 0 → γγ.
In the left panel of figure 2 we show the γ-ray spectra observed by Fermi-LAT from the SNR IC443 were the pion bump is clearly recognisable [9] . These observations were carried out looking at astrophysical systems in which a MC, with high gas density, seats nearby a SNR. These systems are particularly interesting, because the high density provides an increased probability (by a factor of about 10 2 ÷ 10 3 ) of pp interactions. Therefore, observing the copious γ-ray emission produced one can gather important informations on CR propagation around the source and their escape process from it. Concerning the acceleration process itself, SNR with a MC nearby, being typically old objects, are not expected to still accelerate particles to very high energies [1] .
The type of information one can actually get depends on the MC location respect to the SNR morphology. We can distinguish two different scenarios: one in which the shock is directly propagating inside the MC and one in which a MC, sufficiently faraway from the remnant, is illuminated by CR just escaped from the acceleration region.
In the first case, being very small the fraction of ionised gas in the MC and very high the gas density itself, the collisionless shock wave propagating in the cloud may became collisional, completely changing the physics of the system that would result in the heating of the molecular gas. This instance seems confirmed by the observation of maser emissions from certain MC [26] .
The case of MC illuminated by CR already escaped the remnant and still in its proximity has a paramount importance in the determination of the actual process that injects CR in the ISM. For this reason this case has attracted more attention in the recent years (see [1] and references therein). In particular, the CR flux reaching MC is expected to be time dependent, it comes by both the time dependence of the escaping process and the diffusion time needed to CR particles to reach MC. If R MC is the distance separating MC and SNR, one can expect a low energy cut-off developing in the CR spectrum that corresponds to the energy at which the diffusion length matches R MC :
D(E)τ SNR R MC . A spectral break in the γ-ray emission from MC, linking this emission with CR propagation in the remnant proximity, might have been recently observed by the Agile satellite in the SNR W28 [8] . These observations refer to the system of two clouds at different distances from the SNR that appear to be illuminated by different CR fluxes with a low energy spectral break placed at higher energies for the most distant cloud [8] .
Among γ ray emissions from MCs also important is the case of isolated clouds, particularly those located appreciably above and below the galactic disc. These emissions are contributed mainly by pp interactions and enable a direct determination of the CR flux penetrating the cloud, therefore the CR flux diffusing through the ISM. As recently pointed out in [27, 28] from these studies it is possible to determine specific features in the CR spectrum related to their diffusive motion, independently of the local effects due to the Earth position in the solar system.
As a general remark it should be pointed out that CR always play a crucial role in determining the diffusion properties of the medium in which they propagate. As discussed in the previous section, these non-linear effects are crucial in the acceleration sites, where they contribute to both the maximum achievable energy and the spectral shape of the accelerated particles [1] . Nevertheless, self generation of magnetic turbulence could play an important role also in the diffusive motion of CR through the ISM [27] .
Recently the PAMELA satellite observed a change of slope in the CR spectrum at energies around 200 GeV [29] , these observations 2 can be explained in terms of self-generated magnetic turbulence, that determines the actual CR diffusion coefficient at energies below the spectral break observed [27] . The observations of γ rays from isolated MCs indirectly confirmed that the spectrum of CRs with energy 10 E 200 GeV may be steeper than previously thought, and with a slope compatible with the one quoted by PAMELA in the same energy region [28] . These results are based on the analysis of the gamma ray emission detected by the Fermi-LAT from selected clouds in the Gould's belt. In the right panel of figure 2 , following the computations of [27] , we plot the proton spectrum determined self-consistently taking into account particles diffusion on selfgenerated turbulence (continuos line) and the proton spectrum as inferred from γ-rays observations (yellow shadowed region) [28] . From figure 2 it is evident the fairly good agreement between observations and theoretical expectations. This result, still conditioned by large experimental uncertainties, shows the importance of γ rays observed by isolated MCs that could unveil important details of the physics of CR propagation. use extreme values for the model parameters. Choosing the parameters for the model in the lower-right corner (the curve marked 10 22 ) we try to reach the sensitivity of JEM-EUSO. Since a soft spectrum increases ω cas , we choose the hard spectrum with α g = 2.0, while E max should be as large as possible. By other words we search for the extension of the ankle reference model with allowed evolution and large E max . We choose E max = 1 × 10 22 eV, with z max = 2 and evolution parameter m = 3. Normalized to the HiRes data, this model has ω cas = 3.3×10 −7 eV/cm 3 , i.e. is somewhat below the cascade limit (see also Fig. 5 ). For such values, the neutrino flux is marginally detectable by JEM-EUSO.
In the lower-left corner (the curve marked 10 20 ) we aim to cosmogenic neutrino detection by IceCube. Here we should increase the low-energy tail of the neutrino flux and suppress the pair-produced cascade radiation. To that end, we use α g = 2.0 with strong evolution to enhance the flux of low-energy neutrinos. The maximum acceleration energy can be low, e.g. E max = 1 × 10 20 eV. Moreover, we choose evolution with m = 3.0 and z max = 6.0, which results in ω cas = 5.5 × 10 −7 eV/cm 3 ≈ ω max cas . As our calculations show, the flux is only marginally detectable by IceCube even for these extreme parameters.
The two models above demonstrate that even for extreme assumptions cosmogenic neutrinos remain undetectable by existing detectors such as Auger, and could be only marginally observed by IceCube and by future detectors JEM-EUSO and Auger-North (with sensitivity to neutrinos 5-6 times higher than Auger-South).
The observation of radio emission from neutrinoinduced air showers provides an effective method for the detection of low fluxes of cosmogenic neutrinos from the highest energy part of their spectrum. The upper limit on UHE cosmogenic neutrino flux from the most restrictive experiment of this type, ANITA, is shown in Fig. 3 (Gorham et al. [18] ). Recently, several particles with energies above 1 × 10 19 eV have been detected there [20] . The high energy threshold is a disadvantage of this method. In the recently proposed ARIANNA detector [21] , the threshold might be lowered to about 10 17 eV while monitoring 900 km 2 of Antarctic ice.
A very sensitive instrument for UHE neutrino detection has been proposed in the project LORD (Lunar Orbital Radio Detector) [22] , where a detector on a lunar satellite can observe the neutrino-produced radio-signal from lunar regolith. The sensitivity of this instrument, as estimated by the authors of the project, should be sufficient for the measurement of the cosmogenic neutrino fluxes shown in Fig. 3 by curves 10 21 .
Before concluding, we would like to compare the results of this investigation to the ones of Ahlers et al. [23] that appeared after ours in the arXiv. While the main goal of our work was to derive an upper limit on the cosmogenic neutrino flux, the authors of Ref. [23] aimed at exploring the allowed parameter space of UHECR models, notably of those predicting maximal neutrino fluxes. These authors used as their criterion for the rejection of UHECR models ω max cas = 5.8 × 10 −7 eV/cm 3 from our calculations, and thus the derived maximally allowed cosmogenic neutrino fluxes should coincide. The largest cosmogenic neutrino fluxes presented in Fig. 4 of Ref. [23] are very similar to our fluxes obtained in the extreme models with strong cosmological evolution (e.g. the curve 10 22 in Fig. 3 ), both exceeding our reference cases (α g = 2.6 and α g = 2.0 without evolution) by an order of magnitude at E ∼ 10 18 ÷ 10 19 eV. It is noteworthy that a much stronger cosmological evolution was considered in the calculations of Ref. [23] . Among other differences, the authors of Ref. [23] assumed that the IceCube sensitivity extends up to 10 19 eV, while we used E max = 10 17 eV following Ref. [19] . 
Gamma Rays from Ultra High Energy Cosmic Rays
Extragalactic CR with energies higher than 10 17 eV, the so-called UHECR, propagating through CMB and EBL, give rise to the processes of pair-production and photo-pion production [7] . These processes start electromagnetic (EM) cascades that end-up in the production of neutrinos and γ-rays. Depending on the chemical composition of UHECR, the amount of γ-rays produced in the cascades can represent a relevant fraction of the extragalactic diffuse γ-ray background observed by Fermi-LAT. Therefore, through these observations it is possible to constrain the characteristics of UHECR sources [14] , namely their possible cosmological evolution and spectrum.
Following the results of [14] , assuming that UHECR are pure protons injected with a power law spectrum ∝ E −α by sources with cosmological evolution of the type (1 + z) m (z is the source red-shift and m the parameter that drives the evolution), in the right panel of figure 3 we plot the cascade energy density ω cas as function of the sources cosmological evolution (m parameter) for different choices of the injection power law index α. The energy density of the γ-ray background measured by Fermi-LAT is shown through the red continuos line, from this figure it is evident the strong potential of these measurements that already enable the exclusion of strong cosmological evolution of sources, substantially restricting the astrophysical objects eligible for being UHECR sources. Let us conclude this part stressing the importance of UHECR chemical composition, if one releases the hypothesis of a pure proton composition, assuming the heavy composition claimed by Auger at the highest energies, it results in a substantial reduction of EM cascades and the flux of secondary γ rays could easily fall below the detection threshold.
Among possible UHECR sources a particular role might be played by Active Galactic Nuclei (AGN), as they show the right energetics and density expected on the basis of UHECR propagation studies [7] . An interesting instance of the possible UHECR acceleration in distant Blazars was putted forward by [17, 18] . The high energy γ ray signal observed by those objects might be dominated by secondary γ rays produced, along the line of sight, in the EM cascades triggered by the interaction of UHECR protons with astrophysical backgrounds. This hypothesis explains the surprisingly low attenuation of the γ radiation observed, because the production of secondary γ occurs, on average, much closer to the Earth respect to the distance of the source [18] . The shape of the γ-ray spectrum is quite independent of the UHECR spectrum, while it depends mostly on the astrophysical backgrounds, i.e. CMB and/or EBL. The actual background that dominates the interactions depends on the maximum energy of UHECR: if E max > 10 19 eV CMB dominates, otherwise also EBL plays a role.
In right panel of figure 3 , just as an example, we plot the case of the Blazar 1ES 0347+121, observed by Hess, together with the spectrum γ-rays produced by EM cascades started by UHECR along the line of sight (the figure is taken from [18] ). The quite good agreement obtained shows the importance of this explanation of the observed TeV emission from distant blazars. Nevertheless it should be pointed out that this possibility critically depends on UHECR chemical composition and the Intergalactic Magnetic Field (IMF) strength. As before, in the case of nuclei the suppressed probability of EM cascades reduces the flux of secondary γ-rays below the detection thresholds. Moreover, for IMF larger than 3 × 10 −14 G the spread of the EM cascade induced by the magnetic field prevents any observation along the line of sight [18] .
Conclusions
We conclude just by stating the paramount importance that γ-ray observations play in the physics of cosmic rays. As it was discussed in the present paper these two signal carriers are intimately linked and, in a multi-messenger approach to high energy Astrophysics, should be always studied in connection.
The importance of γ-ray observations is spread in all fields of CR physics. In the case of galactic CR the observation of γ-rays from SNR and MC can unveil the details of the acceleration and propagation processes. While in the case of UHECR the possible role of γ-ray observations depends on the chemical composition of those particles. In the case of protons, the copious production of secondary γ-rays due to the interaction with astrophysical backgrounds opens up to the possibility of testing different source models, in terms of both injection spectrum and cosmological evolution of the sources.
The next generation γ-rays telescopes, from both sides of on ground and satellite detection, will start taking data in a few years bringing an unprecedented quality and quantity of new observations that will surely have a groundbreaking impact on the physics of cosmic rays.
